Noncentrosymmetric superconductors possess, in general, order parameters of mixed parity, i.e., the Cooper pairing state consists of spin-singlet and spin-triplet pairing components. We show that this property has important implications for the NMR and other measurable quantities in the heavy Fermion superconductor CePt 3 Si. The aspect of parity mixing explains the apparently contradicting observations of a Hebel-Slichter peak in the nuclear spin-lattice relaxation rate T 1 −1 and the presence of power law in the low-temperature behavior of certain physical quantities, indicating line nodes in the quasiparticle gap. DOI: 10.1103/PhysRevB.73.092508 PACS number͑s͒: 74.20.Rp, 74.70.Tx, 76.60.Ϫk Inversion is one of the key symmetries for the formation of Cooper pairs in superconductors. Unusual properties are expected in superconductors whose crystal structure does not possess an inversion center ͑e.g., Refs. 1-5, and references therein͒. For this reason, the recent discovery of superconductivity in the noncentrosymmetric heavy fermion compound CePt 3 Si has initiated much excitement.
Inversion is one of the key symmetries for the formation of Cooper pairs in superconductors. Unusual properties are expected in superconductors whose crystal structure does not possess an inversion center ͑e.g., Refs. 1-5, and references therein͒. For this reason, the recent discovery of superconductivity in the noncentrosymmetric heavy fermion compound CePt 3 Si has initiated much excitement.
6-8 On a microscopic level, the appearance of antisymmetric spin-orbit coupling ͑ASOC͒ due to the noncentrosymmetricity imprints a characteristic spin structure on the band structure by lifting the usual spin degeneracy. 9, 10 For superconductivity, the lack of inversion symmetry makes the standard labeling of Cooper pairing states by even parity ͑spin singlet͒ and odd parity ͑spin triplet͒ inapplicable, and it yields parity mixing, in general. 2 The modification of the band structure and the parity mixing are likely responsible for the surprisingly high value of the upper critical field H c2 in CePt 3 Si, which significantly exceeds the standard paramagnetic limit. 3, 6, 8, 11, 12 Moreover, nuclear magnetic resonance ͑NMR͒ experiments display apparently incompatible features. The nuclear spinlattice relaxation rate T 1 −1 has a Hebel-Slichter peak just below the onset of superconductivity, usually a sign of conventional superconductivity. In contrast, unconventional superconductivity is suggested by the low-temperature power-law behavior of T 1 −1 , indicating line nodes in the quasiparticle gap. 8, 13, 14 The presence of line nodes is also supported by London penetration depth measurements 8, 15 as well as the thermal conductivity experiments. 16 Therefore, an important task is to reconcile the mutually contradicting experimental results in a consistent picture.
In the present study, we demonstrate that the key to resolving this puzzle lies in the parity mixing of pairing states as a natural consequence of the lack of inversion symmetry in this material. This aspect can be implemented by considering a two-component order parameter with spinsinglet and spin-triplet components. In this model, the HebelSlichter peak relies on the presence of a finite coherence effect. A sufficient condition for it is that the spin-singlet component incorporates a gap function with a finite average on the Fermi surface ͗͑k͒͘ 0, most easily satisfied by a conventional ͑isotropic͒ s-wave pairing state. The line nodes appear as a consequence of the superposition of the two components. 17 Our analysis is based on the single-particle Hamiltonian
k is the band energy measured relative to the chemical potential. The second term describes the ASOC with k =− −k and ␣ as the coupling constant. ͓c ks ͑ †͒ annihilates ͑creates͒ an electron with momentum k and spin s.͔ The ASOC term vanishes for systems with an inversion center. On the basis of symmetry arguments, the crystal symmetry ͑P4mm͒ of CePt 3 Si yields
in the lowest-order expansion, assuming a spherical Fermi surface where k is normalized such that the average over the Fermi surface ͉͗ k ͉ 2 ͘ =1. 3 k F is the Fermi wave number for ␣ =0.
Starting from the basic tetragonal symmetry of CePt 3 Si ignoring the ASOC in Eq. ͑1͒, we could classify all basic pairing states, distinguishing the spin-singlet and spin-triplet states. 3, 5 A general argument by Anderson 18 shows that inversion symmetry is essential to realize spin-triplet pairing. Hence, spin-triplet pairing states are expected to be suppressed when the ASOC is turned on. A careful examination leads, however, to the conclusion that a certain set of triplet pairing states remains stable even when ␣ 0. These states are characterized by the d vector d k ʈ k . 3 In addition, the ASOC mixes even-parity spin-singlet and odd-parity spintriplet pairing components. Interestingly, the conventional s-wave spin-singlet pairing state mixes with the state corresponding to d k = k , which has under these symmetry conditions the highest possible symmetry, corresponding to the trivial representation of the generating point group C 4v A 1 . 17 The A 1 -superconducting phase has a gap function of the form
͑3͒
with the s-wave pairing component ⌿ and the d vector
For our discussion, we will use the quasi-classical theory of superconductivity. [19] [20] [21] In this formulation, we concentrate on the states in the immediate vicinity of the Fermi surface and assume ͉⌿ ͉ , ͉⌬ ͉ , ␣ Ӷ F ͑ F is the Fermi energy͒. The quasiclassical Green's function ǧ can be written as a matrix in Nambu ͑particle-hole͒ space,
The vector r is the real-space coordinate, the unit vector k indicates the position on the spherical Fermi surface, and n = T͑2n +1͒ is the Matsubara frequency. Throughout the paper, "hat" ·ˆdenotes the 2 ϫ 2 matrix in the spin space, and "check" ·ˇdenotes the 4 ϫ 4 matrix composed of the 2 ϫ 2 Nambu space and the 2 ϫ 2 spin space. The Eilenberger equation, which includes the spin-orbit coupling ͓Eq. ͑2͔͒, is given by [22] [23] [24] [25] iv
͑9͒
Here, = ͑ x , y , z ͒ is the Pauli matrix, 0 is the unit matrix, tr =− y y , v F is the Fermi velocity, and ͓ǎ , b ͔ = ǎ b − b ǎ . We use units in which ប = k B = 1. The Eilenberger equation is supplemented by the normalization condition, ǧ 2 =− 2 1 . 19, 22 With the pairing state in Eq. ͑3͒ and the spin-orbit coupling in Eq. ͑8͒, we obtain the following Green's functions from the Eilenberger equation ͑5͒ and the normalization condition,
with the matrices I,II defined by 1,17,27 I,II = ͑ 0 ± k · ͒ /2 and k = ͑−k y , k x ,0͒, where k = ͑k x , k y ,0͒ = ͑cos , sin ,0͒. In the case of a spatially uniform system,
The denominators B I,II are given as B I,II = ͱ n 2 + ͉⌿ ± ⌬ sin ͉ 2 , and the signs in front of the square root are determined by the condition, sgn͑Re͕g I,II ͖͒ = sgn͑Re͕ n ͖͒. Note that the Green's functions ͓Eq. ͑11͔͒ do not explicitly depend on the spin-orbit coupling constant ␣, although ␣ is kept nonzero. This result of the Eilenberger equation reflects the fact that the spin-triplet component contained in the pairing state ͓Eq. ͑3͔͒ is not affected by the ASOC of Eq. ͑2͒. 3 In this way, the quasi-classical formulation incorporates the effect of noncentrosymmetricity in a very convenient form, which may prove beneficial also for future studies.
Nevertheless, the Green's functions labeled by the indices I and II belong to the two distinct Fermi surfaces, which are split by the spin-degeneracy lifting due to the ASOC. 1, 17, 26, 27 The quasiparticle gap is different on the two Fermi surfaces: ⌬ Ik = ͉⌿ + ⌬ sin ͉ and ⌬ IIk = ͉⌿ − ⌬ sin ͉. The densities of states on the two Fermi surfaces are also different, in general, and this difference has important implications in various other contexts. However, we choose them to be equal here for simplicity, since our results would be on a qualitative level insensitive to this detail.
The pairing interaction leading to the gap function ͓Eq. ͑3͔͒ is characterized by three coupling constants, s , t , and m . Here, s and t result from the pairing interaction within each spin channel ͑s: singlet, t: triplet͒. m is the scattering of Cooper pairs between those two parity channels, present in systems without inversion symmetry. 17 The gap equations are written as
where f ± = ͑f I ± f II ͒ / 2 and c is the cutoff energy. The angular brackets denote the average over the Fermi surface, assuming the spherical Fermi surface for simplicity. In the limit T → T c ͑T c : the superconducting critical temperature͒, the linearized gap equations allow us to determine t and s by t = 3 2
if the parameters m and ϵ͑⌿ / ⌬͉͒ T→T c −0 + are given.
In Fig. 1 , we show the temperature dependence of the order parameters ⌬ and ⌿ obtained from the gap equations ͓Eqs. ͑12͒ and ͑13͔͒. We set c =20T c , m = 0.12, and = 0.5, yielding t Ϸ 0.39 and s Ϸ 0.16. When ⌬ is fixed to be real and positive without loss of generality, such a solution as ⌿ is also real and positive, is stable for the above parameters.
We turn now to the nuclear spin-lattice relaxation rate 1/T 1 . Assuming for the NMR experiment a static magnetic field in the z direction, we arrive at the following expression for 1 / T 1 in terms of the quasi-classical Green's function ǧ : 28
where ͑Ͼ0͒ is an infinitesimally small constant, and we set =10 −4 T c . In Fig. 2͑a͒ , we show the temperature dependence of 1/T 1 T obtained from Eq. ͑16͒, where the Green's functions in Eqs. ͑10͒ and ͑11͒ are substituted into W͑͒ ͓Eq. ͑17͔͒ through Eqs. ͑4͒ and ͑18͒. The temperature dependence of ⌿ and ⌬ is obtained from the gap equations as shown in Fig. 1 . Obviously, 1 / T 1 T ͑solid line͒ possesses a peak just below T c . In order to identify the origin of this peak, in Fig. 2͑a͒ we plot the contributions of the two terms in Eq. ͑17͒ separately:
W GG and W FF are composed of the regular Green's functions and the anomalous Green's functions, respectively. The coherence factor is represented as 1 + W FF / W GG . The contribution of W FF ͑dashed line͒ is related to the coherence effect and gives the dominant contribution to the peak below T c as seen in Fig. 2͑a͒ . W FF is finite owing to the s-wave component ⌿. In contrast, W GG ͑dashed-dotted line͒ describes the contribution of the density of states and its temperaturedependent variation. The contribution to the peak from the singularity of the density of states at the gap edge is minor, since this singularity is rather weak due to the anisotropy of the gaps ͉⌿ ± ⌬ sin ͉ on both Fermi surfaces I and II. Therefore, the peak in the total 1 / T 1 T ͑solid line͒ can clearly be attributed to the coherence-factor-induced enhancement of the relaxation rate T 1 −1 originated from the coherence effect under the favor of nonzero contribution of W FF .
Turning to the low-temperature behavior, we present the same data on a double-logarithmic scale in Fig. 2͑b͒ . The temperature dependence of 1 / T 1 T exhibits a T 2 power law at low temperatures, characteristic of the presence of line nodes in the gap. These nodes are the result of the superposition of spin-singlet and spin-triplet contributions ͑each separately would not produce line nodes͒. On the Fermi surface I, the gap is ͉⌿ + ⌬ sin ͉ and is nodeless, referring to Eq. ͑11b͒, ͑note that ⌿Ͼ0, ⌬Ͼ0, and 0 ഛ ഛ ͒. On the other hand, the form of the gap on the Fermi surface II is ͉⌿ − ⌬ sin ͉, where nodes can appear for ⌿Ͻ⌬ ͑see Fig. 3͒ . These line nodes on the Fermi surface II lead to the low-temperature T 3 law in T 1 −1 ͑i.e., T 2 in 1 / T 1 T͒ as shown in Fig. 2͑b͒ , which is in qualitative agreement with the experimental result. Moreover, the power laws observed in the London penetration depth 8, 15, 26 and the thermal conductivity 16 are also consistent with this gap form.
In conclusion, the apparent puzzle found in the temperature dependence of the NMR relaxation rate 13 may turn out to be a key experiment to determine the pairing symmetry. The presence of a Hebel-Slichter peak can only be attributed to a coherence effect that points toward a conventional s-wave-like pairing. On the other hand, the low-temperature power-law behavior observed in a variety of experiments [13] [14] [15] [16] indicates the presence of a line node in the quasiparticle gap. In this paper, we have shown that this discrepancy can be explained by including the natural parity mixing of the Cooper pairing states as given in Eq. ͑3͒. The symmetry of the odd-parity spin-triplet part is uniquely defined by the form of the ASOC. That s + p-wave pairing state is also compatible with other experimental properties, such as the behavior of the upper critical field. 29 The same type of model for Cooper pairing is likely to be relevant for the superconductivity in LaPt 3 Si ͑T c Ӎ 0.67 K͒, which has the same crystal structure as CePt 3 Si. Experimental data of T 1 −1 by NQR suggest a nodeless gap, 30 i.e., within our model ͉⌿ ͉ Ͼ ͉⌬͉. These two compounds provide a neat pair of systems to be compared. In particular, CePt 3 Si is a heavy fermion compound with magnetic order, while LaPt 3 Si represents a much less correlated metal. It is now highly desirable to have further experimental confirmations of the pairing symmetry and hints for the pairing mechanisms at work in both materials.
Note added. After completing this work, we noted that a similar idea concerning the coexistence between the coherence effect in T 1 −1 and the line node in a gap was briefly discussed in Ref. 31 
